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Abstract 

We study the van der Waals friction between two fiat metal surfaces 
in relative motion. For good conductors we find that normal relative 
motion gives a much larger friction than for parallel relative motion. 
The friction may increase by many order of magnitude when the sur- 
faces are covered by adsorbates, or can support low-frequency surface 
plasmons. In this case the friction is determined by resonant photon 
tunneling between adsorbate vibrational modes, or surface plasmon 
modes. 

A great deal of attention has been devoted to non-contact friction between 
nanostructures, including, for example, the frictional drag force between two- 
dimensional quantum wells pUEJE] , and the friction force between an atomic 
force microscope tip and a substrate [U El El HI IB] • 

In non-contact friction the bodies are separated by a potential barrier 
thick enough to prevent electrons or other particles with a finite rest mass 
from tunneling across it, but allowing interaction via the long-range elec- 
tromagnetic field, which is always present in the gap between bodies. The 
presence of inhomogeneous tip-sample electric fields is difficult to avoid, even 
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under the best experimental conditions . For example, even if both the tip 
and the sample were metallic single crystals, the tip would still have corners 
present and more than one crystallographic plane exposed. The presence of 
atomic steps, adsorbates, and other defects will also contribute to the inho- 
mogeneous electric field. The electric field can be easily changed by applying 
a voltage between the tip and the sample. 

The electromagnetic field can also be created by the fluctuating current 
density, due to thermal and quantum fluctuations inside the solids. This 
fluctuating electromagnetic field is always present close to the surface of any 
body, and consist partly of traveling waves and partly of evanescent waves 
which decay exponentially with the distance away from the surface of the 
body. The fluctuating electromagnetic field originating from the fluctuating 
current density inside the bodies gives rise to the well-known long-range 
attractive van der Waals interaction between two bodies 19] . If the bodies 
are in relative motion, the same fluctuating electromagnetic field will give 
rise to a friction which is frequently named as the van der Waals friction. 

Although the dissipation of energy connected with the non-contact fric- 
tion always is of electromagnetic origin, the detailed mechanism is not to- 
tally clear, since there are several different mechanisms of energy dissipation 
connected with the electromagnetic interaction between bodies. First, the 
electromagnetic field from one body will penetrate into the other body, and 
induce an electric current. In this case friction is due to Ohmic losses in- 
side the bodies. Another contribution to friction from the electromagnetic 
field is associated with the time- dependent stress acting on the surface of 
the bodies. This stress can excite acoustic waves, or induce time-dependent 
deformations which may result in a temperature gradient. It can also induce 
motion of defects either in the bulk, or on the surface of the bodies. The 
contribution to friction due to nonadiabatic heat flow, or motion of defects, 
is usually denoted as internal friction. 

It is very worthwhile to get a better understanding of different mecha- 
nisms of non-contact friction because of it practical importance for ultrasen- 
sitive force detection experiments. This is because the ability to detect small 
forces is inextricably linked to friction via the fluctuation-dissipation theo- 
rem. For example, the detection of single spins by magnetic resonance force 
microscopy, which has been proposed for three-dimensional atomic imag- 
ing 14 and quantum computation [THj, will require force fluctuations to 
be reduced to unprecedented levels. In addition, the search for quantum 
gravitation effects at short length scale ^B] and future measurements of the 
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dynamical Casimir forces ^7] may eventually be limited by non-contact fric- 
tion effects. 

Recently Gotsmann and Fuchs [3] observed long-range non-contact fric- 
tion between an aluminum tip and a gold (111) surface. The friction force 
F acting on the tip is proportional to the velocity v , F = Tv. For motion 
of the tip normal to the surface the friction coefficient T(d) = b ■ d~ 3 , where 
d is the tip-sample spacing and b = (8.0l|;|) x 10~ 35 Nsm 2 |5J. Later Stipe 
et.a/.jH] observed non-contact friction effect between a gold surface and a 
gold-coated cantilever as a function of tip-sample spacing d, temperature T, 
and bias voltage V. For vibration of the tip parallel to the surface they found 
T(d) = a(T)(V 2 + V 2 )/d n , where n = 1.3 ± 0.2, and V ~ 0.2 V. At 295K, 
for the spacing d = 100A they found T = 1.5 x lO^^kgs" 1 , which is ~500 
times smaller that reported in Ref. [3] at the same distance using a parallel 
cantilever configuration. 

In a recent Letter, Dorofeev et. al. jl] claim that a the non-contact friction 
effect observed in jU |3] is due to Ohmic losses mediated by the fluctuating 
electromagnetic field . This result is controversial, however, since the van der 
Waals friction has been shown [Tm fTTt [T^ fT3] to be many orders of magnitude 
smaller than the friction observed by Dorofeev et.al. Presently, the origin of 
the difference in magnitude and distance dependence of the long-range non- 
contact friction effect observed in [3] and jE] is not well understood. 

In order to improve the basic understanding of non-contact friction, in 
this Letter we present new results for van der Waals friction. In HU we 
developed a theory of van der Waals friction for surfaces in parallel relative 
motion. Here we generalize the theory to include also the case when the 
surfaces are in normal relative motion, and we show that there is drastic 
difference between these two cases. Thus, for normal relative motion of clean 
good conductor surfaces, the friction is many orders of magnitude larger 
than for parallel relative motion, but still smaller than observed experimen- 
tally. Another enhancement mechanism of the non-contact friction can be 
connected with resonant photon tunneling between states localized on the 
different surfaces. Recently it was discovered that resonant photon tunneling 
between surface plasmon modes give rise to extraordinary enhancement of 
the optical transmission through sub- wavelength hole arrays [TBI- The same 
surface modes enhancement can be expected for van der Waals friction if the 
frequency of these modes is sufficiently low to be excited by thermal radia- 
tion. At room temperature only the modes with frequencies below ~ lO 13 ^" 1 
can be excited. For normal metals surface plasmons have much too high 



3 



frequencies; at thermal frequencies the dielectric function of normal metals 
becomes nearly purely imaginary, which exclude surface plasmon enhance- 
ment of the van der Waals friction for good conductors. However surface 
plasmons for semiconductors are characterized by much smaller frequencies 
and damping constants, and they can give an important contribution to van 
der Waals friction. Other surface modes which can be excited by thermal 
radiation are adsorbate vibrational modes. Especially for parallel vibrations 
these modes may have very low frequencies. 

Recently ^U] we developed a theory of the van der Waals friction between 
two-semiinfinite bodies, moving parallel to each other. We have generalized 
this theory to two-semiinfinite bodies, moving normal to each other. The 
frictional stress, a, is proportional to the velocity v, a = jv. 

For the separation d < ch/ksT we get coefficient of friction r y_ L 



7± = ^2 J Q duJ J d ii 3 r 
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e -2 Q d 



dtu 

x {((InxR lp + e~ 2qd \R lp \ 2 lmR 2p )(lmR 2p + e~ 2qd \R 2p \ 2 lmR lp ) 

+ '' ¥|h| W \- t -v 8l , ii / ^ i| ) (1) 

where the Bose-Einstein factor 

n(uj) = z ,. \ (2) 

v 1 e hui/k B T _ I v ' 

The symbol [p — > s] in (JI} denotes the term which is obtained from the first 
one by replacement of the reflection factor R p (u>) for p— polarized waves 
by the reflection factors R s (w) for s— polarized waves. There is a principal 
difference between the friction coefficient for normal and parallel relative mo- 
tion, related to the denominator in ((TJ). The resonant condition corresponds 
to the case when the denominator of the integrand in (jl]). which is due to 
multiple scattering of evanescent electromagnetic waves from opposite sur- 
faces, is small. For two identical surfaces and Ri « 1 < i? r , where Ri and 
R r are the imaginary and real part, respectively, this corresponds to the res- 
onant condition i?^exp(— 2qd) ~ 1. At resonance the integrand in has a 
large factor ~ ^-/R 2 , in sharp contrast to the case of parallel relative motion, 
where there is no such enhancement factor. The resonance condition can 
be fulfilled even for the case when exp(— 2qd) << 1 because for evanescent 
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electromagnetic waves there is no restriction on the magnitude of real part 
or the modulus of R. This open up the possibility of resonant denominators 
for R 2 r » 1. 

The reflection factor Rp, which take into account the contribution from 
an adsorbate layer, is given by [20J: 

= q - s/e + Aim a q[sa\\/e + qa ± ] 
p q + s/e + 4irn a q[sa\\/e — qa±] ' 



where 



c^ 2 



(4) 



and where ce\\ and a± are the polarizabilities of adsorbates in a direction par- 
allel and normal to the surface, respectively, e is the bulk dielectric function 
and n a is the concentration of adsorbates. For clean surfaces n a = 0, and in 
this case formula © reduces to the well-known Fresnel formula. 

Let us first consider two identical metal described by the dielectric func- 
tion 

e = l- , U \ n , (5) 

where r is the relaxation time and uj p the plasma frequency. For good con- 
ductors at thermal frequencies R P i << 1 and R pr ~ 1. Thus an enhancement 
in friction is possible only for very small q « l/d . Analysis show that 
integral (0) has a l/g 3 -singularity and the main contribution to the integral 
(JTJ) comes from vicinity of this singularity. For two bodies, moving parallel 
to each other, the integral has only a logarithmic singularity for small q, and 
the main contribution comes from the non-resonant region with q ~ l/d. 
Thus, for clean surfaces of good conductors, for normal relative motion the 
van der Waals friction will be on many order of magnitude larger than for 
parallel relative motion. Fig.l illustrates this situation for two copper sur- 
faces and T = 273K. However the van der Waals friction in this case is 
too small in comparison with experimental data. Thus, for d = lnm the 
friction r y± t f ieor ~ lO~ A kgs~ 1 m~ 2 . For an atomic force microscope one tip 
estimate T fa jS, where S ~ Rd is an effective surface area of the tip with 
a radius of curvature R. For the tip with R ~ \[im the friction coefficient 
Ftheor ~ 10~ 19 kgs" 1 , while from the experimental data at the same distance 
one can deduce the friction coefficient T exp ~ lO -12 /^ -1 0. 
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Resonant photon tunneling enhancement of the van der Waals friction 
is possible for two semiconductor surfaces which can support low-frequency 
surface plasmon modes. As an example we consider two clean surfaces of 
silicon carbide (SiC). The optical properties of this material can be described 
using an oscillator model 



= 1+ 2 UL 2 % (6) 

with eoo = 6.7, oj l = 1.8 ■ lO 14 *" 1 , tu T = 1.49 • lO 14 *" 1 , and T = 8.9 ■ lO 11 * -1 . 
The frequency of surface plasmons is determined by condition e T {uj p ) = — 1 
and from (JHJ) we get u p = 1.78T0 14 s _1 . In Fig. 2 we plot the friction coefficient 
7(d): note that the friction between the two semiconductor surfaces is several 
order of magnitude larger than between two clean good conductor surfaces. 

Another enhancement mechanism is connected with resonant photon tun- 
neling between adsorbate vibrational modes localized on different surfaces. 
In this case the real part of the reflection factor R p can be much larger than 
unity, and the resonant condition exp(— 2qd)Rj; ~ 1 can be fulfilled even for 
large q, giving rise to large enhancement of friction. As an example, let us 
consider ions with charge e* adsorbed on metal surfaces. The polarizability 
for ion vibration normal to the surface is given by 

e* 2 

a± = M{uo\ -lu 2 - iu} V± ) ' (7) 

where is the frequency of the normal adsorbate vibration, and r] ± is 
the damping constant. In Eq. J3J) the contribution from parallel vibrations 
is reduced by the small factor 1/e. However, the contribution of parallel 
vibrations to the van der Waals friction can nevertheless be important due to 
the indirect interaction of parallel adsorbate vibration with the electric field, 
via the metal conduction electron [21]. Thus, the small parallel component 
of the electric field will induce a strong electric current in the metal. The 
drag force between the electron flow and adsorbates can induce adsorbate 
vibrations parallel to the surface. This gives the polarizability: 

e - 1 e* ^|| , . 

a\\ = — -5 ; (8) 

n e [uf, — uj z — iU7]\\) 

where n is the conduction electron concentration. As an illustration, in Fig. 3 
we show coefficient of friction for the two Cu(OOl) surfaces covered by a low 
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concentration of potassium atoms ( n a = 10 18 m -2 ) . In the q— integral in 
Eq.(£Q) we used the cut off q c ~ ir/a (where a m lnm is the inter-adsorbate 
distance) because our microscopic approach is applicable only when the wave 
length of the electromagnetic field is larger than double average distance be- 
tween the adsorbates. In comparison, the friction between two clean surface 
at separation d = lnm is seven order of magnitude smaller. At d — lnm 
the friction coefficient V for an atomic force microscope tip with R ~ 1/im 
is ~ 10~ 12 kgs~ 1 (7 ~ 10 3 kgs~ 1 m~ 2 , see Fig.2); this is of the same order of 
magnitude as the observed friction 0. 

In this letter, we have shown that the van der Waals friction can be 
enhanced by several orders of magnitude when the material involved support 
low-frequency adsorbate vibrational modes or surface plasmon modes. For 
clean surfaces of good conductors friction is several order of magnitude larger 
for normal relative motion as compared to parallel relative motion. These 
results should have broad application in non-contact friction microscopy, and 
in the design of new tools for studying adsorbate vibrational dynamics. 
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FIGURE CAPTIONS 

Fig. 1. The friction coefficient for two (clean) surfaces in (a) normal and 
(b) parallel relative motion, as a function of separation d. T = 273K and 
with parameters chosen to correspond to copper ( r _1 = 2.5 ■ 10 13 s -1 , uj v = 
1.6 ■ 10 16 s _1 ). (The log-function is with basis 10) 

Fig.2. The friction coefficient for two clean semiconductor surfaces in (a) 
normal and (b) parallel relative motion, as a function of the separation d. 
T = 300K and with parameters chosen to correspond to a surfaces of silicon 
carbide (SiC) (see text for explanation) (The log-function is with basis 10) 

Fig. 3. The friction coefficient for two surface covered by adsorbates in 
(a) normal and (b) parallel relative motion, as a function of the separation 
d. T = 273K and with parameters chosen to correspond to K/Cu(001) 22 
(wi = l.Q-lO^s' 1 ,^ = 4.5-10 12 s- 1 , ?7|| = 2.8-10 10 s- 1 ,n ± = 1.6-10 12 s-\ e* = 
0.88e) (The log-function is with basis 10) 
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